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1. Introduction
The observed Hubble expansion of the universe, the discovery of the cosmic microwave back-
ground radiation (CMBR) and the success of nucleosynthesis (see e.g. Ref. [1]) in reproducing the
observed abundance of light elements in the universe had established the standard big bang (SBB)
cosmological model (for a textbook treatment, see e.g. Ref. [2]). This model together with the
grand unified theories (GUTs) [3] of strong, weak, and electromagnetic interactions provides the
scientific framework for studying the early stages of the universe.
Despite its great successes, the SBB model had some shortcomings. One of them is the so-
called horizon problem. The CMBR received now has been emitted from regions of the universe
which, according to the SBB model, had never communicated before sending this radiation to us.
The question then arises how come the temperature of this radiation from these regions is so finely
tuned as the measurements of the COBE [4], the WMAP [5], and the Planck [6] satellites show.
Another important puzzle is the so-called flatness problem. It is a fact [6] that the present universe
appears to be very flat. This means that, in its early stages, the universe must have been flat with a
great accuracy, which requires an extreme fine tuning of its initial conditions. Also, combined with
GUTs which predict the existence of superheavy magnetic monopoles [7], the SBB model leads
[8] to a catastrophic overproduction of these monopoles. Finally, the model has no explanation for
the small density perturbations required for explaining the structure formation in the universe (for
a pedagogical discussion, see e.g. Ref. [9]) and the generation of the observed [4, 5, 6] temperature
fluctuations in the CMBR.
Cosmological inflation [10] offers a solution to all these problems of the SBB model (for a
textbook introductions or reviews on inflation, see e.g. Ref. [11]). The idea is that, in the early
universe, a real scalar field (the inflaton) was displaced from its vacuum value. If the potential of
this field is quite flat, the roll-over of the field towards the vacuum can be very slow for a period of
time during which the energy density of the universe is dominated by the almost constant potential
energy density of the inflaton. Consequently, the universe undergoes a period of quasi-exponential
expansion, which can readily solve the horizon and flatness problems by stretching the distance
over which causal contact is established and reducing any pre-existing curvature in the universe.
It can also adequately dilute the GUT magnetic monopoles and provide us with the primordial
density perturbations which are needed for explaining the large scale structure in the universe [9]
and the temperature fluctuations observed in the CMBR. Inflation can occur during the GUT phase
transition at which the GUT gauge symmetry breaks by the vacuum expectation value (VEV) of a
Higgs field, which also plays the role of the inflaton.
After the end of inflation, the inflaton starts performing damped oscillations about the vacuum
and decays into light particles. The resulting radiation energy density eventually dominates over the
field energy density and the universe returns to a normal big bang type evolution. The temperature
at which this occurs is historically called reheat temperature although there is neither supercooling
nor reheating of the universe [12] (see also Ref. [13]).
An acceptable inflationary scenario must necessarily be followed by a successful reheating
process which, in the case of supersymmetry, must satisfy the gravitino constraint [14] on the reheat
temperature, Tr . 10
9 GeV. This process must also generate the observed baryon asymmetry of
the universe. In inflationary models, it is generally preferable to generate the baryon asymmetry
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by non-thermal [15] leptogenesis [16], i.e. by first producing a primordial lepton asymmetry from
the decay products of the inflaton. This asymmetry is then partly converted into baryon asymmetry
by the non-perturbative electroweak sphaleron effects [17, 18]. Actually, in many specific models,
this is the only way to generate the baryon asymmetry of the universe since the inflaton decays
into right handed neutrinos. The subsequent decay of these fields into a lepton (antilepton) and an
electroweak Higgs field can only produce a lepton asymmetry.
Recent measurements [6] confirmed the prediction of inflation that the present universe is flat.
They also reveal that matter constitutes only 27% of the universe. The rest 73% of the universe
is in the form of dark energy, i.e. in a form close to a cosmological constant. This means that
this energy is basically not diluted by the expansion of the universe exactly as the energy driving
inflation. On the other hand, the baryonic (visible) matter constitutes only 4.85% of the universe
as nucleosynthesis [1] and the Planck satellite [6] have shown. Consequently, about 22% of the
universe is made of some form of dark matter. The most promising candidate for dark matter [19] is
the lightest supersymmetric particle (LSP) since it is protected by a discrete Z2 R-parity symmetry
from decaying into lighter particles. The LSPs can annihilate in pairs or coannihilate with the next-
to-LSPs. Their relic density can be reduced to the observed value of dark matter abundance mainly
by resonant pair annihilation [20] or coannihilation [21] with next-to-LSPs which happened to be
almost degenerate with them. Other possible dark matter candidates include the axion [22] and
superheavy [23] or intermediate scale mass [24, 25] fermions.
At cosmic times greater than the Planck time tP ∼ 10−43 sec, gravity is adequately described
by the classical theory of general relativity. However, for smaller cosmic times, quantum fluctua-
tions of gravity are present. Therefore, it is desirable to have a quantum theory of gravity and if
possible unify gravity with the other three interactions, which are described by relativistic quantum
field theory, so as to obtain the theory of everything. However, in contrast with the other three in-
teractions, the quantum field theory for gravity is not renormalizable. This means that the infinities
appearing in the various calculations and originating from the point-like character of particles can-
not be systematically gathered in a finite number of parameters. Consequently, the theory is lacking
predictability. The theory of (super)strings [26] was proposed in order to cure this difficulty. The
idea is that the fundamental objects are not point-like particles but one dimensional strings of size
ℓP ∼ 10−33 cm. Their various vibrational modes, one of which is the graviton, appear as particles
with different quantum numbers. The main disadvantage of string theory is that it admits a huge
number of solutions (∼ 10500), but none of them reproduces exactly our universe. It predicts that
there exist ten spacetime dimensions (or eleven in the case of M theory). Six of them are compacti-
fied to form a 6-dimensional compact space of size ℓP, while the other four dimensions remain open
and are the usual spacetime dimensions. The geometric structure of the compactified dimensions
determines many of the phenomena in the 4-dimensional spacetime.
One problem we can address in the light of string theory is the problem of initial conditions
[27] for inflation which takes place at the GUT transition at t ∼ 10−37 sec ≫ tP. At the onset
of inflation, one needs a large homogeneous region around the GUT phase transition. However,
this region consists of many smaller homogeneous regions originating from the Planck era, where
causal communication is restricted to distances of the order of the Planck length. The resolution
of this problem requires a first stage of inflation near or before the big bang, which provides the
necessary homogenization for the onset of conventional inflation. Such a primordial inflation can
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take place in the pre-big-bang period. During the motion of the universe towards the initial singu-
larity, we have conditions of very high curvature and the extra dimensions contract and compactify.
This causes inflation in the four open dimensions. Another application of quantum gravity could be
the explanation of the origin of primordial gravity waves if such waves are detected in the future.
The Planck satellite measurements [6] imply an upper bound on the tensor-to-scalar ratio r. 0.06.
Therefore, one cannot exclude that future experiments may detect primordial gravity waves orig-
inating from inflation. Quantum gravity may then be required to understand the origin of these
waves.
In Sec. 2, we summarize the salient features of SBB cosmology, while in Sec. 3 we sketch the
series of phase transitions the universe underwent in accordance with GUTs. The shortcomings
of big bang and their resolution by inflation are discussed in Secs. 4 and 5, respectively. Sec. 6 is
devoted to the detailed discussion of inflation, reheating, and density and temperature fluctuations.
Baryogenesis via leptogenesis is the subject of Sec. 7. In Secs. 8 and 9, we review the composition
of the universe, while in Secs. 10 and 11 we briefly refer to quantum gravity and string theory with
some possible applications in cosmology. Finally, in Sec. 12 we summarize our conclusions.
2. Big Bang Cosmology
We start with an introduction to the SBBmodel [2]. For cosmic times t & tP≡m−1P ∼ 10−43 sec
(mP ≃ 2.44×1018 GeV is the reduced Planck scale) after the big bang, the quantum fluctuations of
gravity cease to exist and gravitation can be described by the classical theory of general relativity.
Strong, weak, and electromagnetic interactions, however, are described by gauge theories which
are relativistic quantum field theories.
An important starting point is the so-called cosmological principle, which states that, at large
scales, the universe is homogeneous and isotropic. The strongest evidence for this is the observed
[4, 5, 6] isotropy of the CMBR. The spacetime metric then takes the Robertson-Walker form
ds2 =−dt2+a2(t)
[
dr2
1− kr2 + r
2(dϑ2+ sin2ϑ dϕ2)
]
, (2.1)
where r, ϕ , and ϑ are comoving polar coordinates, remaining fixed for objects that just follow the
cosmological expansion. The parameter k is the scalar curvature of the 3-space and k = 0, > 0, or
< 0 corresponds to flat, closed, or open universe. The dimensionless parameter a(t) is the scale
factor of the universe. It is normalized so that a0 ≡ a(t0) = 1, where t0 is the present cosmic time.
The instantaneous radial physical distance is given by
R= a(t)
∫ r
0
dr
(1− kr2) 12
. (2.2)
For flat universe (k = 0), R¯= a(t)r¯ (r¯ is a comoving and R¯ a physical radial vector in 3-space) and
the velocity of a comoving object is
V¯ =
a˙
a
R¯≡ H(t)R¯, (2.3)
where the overdot denotes derivation with respect to t and H(t) is the Hubble parameter. This
equation is the well-known Hubble law asserting that all objects run away from each other with
velocities proportional to their distances. This law is the first success of SBB cosmology.
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Energy-momentum conservation yields the continuity equation
dρ
dt
=−3H(t)(ρ + p), (2.4)
where ρ and p are the energy density and pressure in the universe. The first term in the right-hand
side (RHS) of this equation describes the dilution of the energy due to the Hubble expansion and
the second term the work done by pressure. Einstein’s equations for the Robertson-Walker metric
take the form of the Friedmann equation
H2 ≡
(
a˙(t)
a(t)
)2
=
8piG
3
ρ− k
a2
, (2.5)
where G is Newton’s gravitational constant. Averaging the pressure p, we write ρ + p = γρ and
Eq. (2.4) gives ρ ∝ a−3γ . From Eq. (2.5) with k = 0, we then get a(t) ∝ t2/3γ . For a universe
dominated by pressureless matter, γ = 1 and, thus, ρ ∝ a−3 and a(t) = (t/t0)2/3. This is interpreted
as mere dilution of a fixed number of particles in a comoving volume due to the Hubble expansion.
For a radiation dominated universe, p = ρ/3 and, thus, γ = 4/3, which gives ρ ∝ a−4 and a(t) =
(t/t0)
1/2. The extra factor of a(t) in the energy dilution is due to the red-shifting of all wave lengths
by the Hubble expansion.
The early universe is radiation dominated and its energy density is given by
ρ =
pi2
30
g∗ T 4, (2.6)
where T is the cosmic temperature and g∗ = Nb+(7/8)N f is the effective number of massless de-
grees of freedom with Nb( f ) being the number of massless bosonic (fermionic) degrees of freedom.
The temperature-time relation during radiation dominance is derived from Eq. (2.5) (with k = 0):
T 2 =
3
√
5mP√
2g∗pi t
, mP ≡ (8piG)−
1
2 = the reduced Planck mass. (2.7)
Classically, the expansion starts at t = 0 with T = ∞ and a= 0. This initial singularity is, however,
not physical since general relativity fails for t . tP. The only meaningful statement is that the
universe, after a yet unknown initial stage, emerges at t ∼ tP with T ∼mP.
An important notion is the notion of particle horizon dH(t), which is the instantaneous distance
at t traveled by light since the beginning of time (t = 0). From Eq. (2.1), we find that
dH(t) = a(t)
∫ t
0
dt ′
a(t ′)
, (2.8)
which is finite and coincides with the size of the universe already seen at time t or, equivalently, with
the distance over which causal contact has been established at t. For matter (radiation) dominated
universe, we have dH(t) = 2H
−1(t) = 3t (dH(t) =H−1(t) = 2t). After the Planck satellite measure-
ments [6], the present age of our universe is estimated to be t0 ≃ (13.801±0.024)×109 years, the
present value of the Hubble parameter H0 = 100h kmsec
−1Mpc−1 with h≃ 0.674±0.005, and the
present critical density corresponding to a flat universe ρc = 3H
2
0/8piG ≃ 0.86× 10−29 gm/cm3.
The fraction of the actual to the critical density is Ω ≡ ρ/ρc ≃ 1± 0.01, which means that our
present universe is very flat.
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3. Phase Transitions in the Universe
GUTs together with the SBB model predict that, as the universe expands and cools after the
big bang, it undergoes [28] a series of phase transitions during which the GUT gauge symmetry is
gradually reduced and several important phenomena take place. For definiteness, we consider here
a simple non-supersymmetric SU(5) GUT model, but the discussion can be readily extended to
include other gauge groups such as E6, SO(10), SU(4)c×SU(2)L×SU(2)R, and SU(3)3 [29] with
or without supersymmetry. At a scale MG ∼ 1016 GeV (the GUT mass scale), SU(5) breaks to the
standard model gauge groupGSM = SU(3)c×SU(2)L×U(1)Y by the VEV of an appropriate Higgs
field φ . Subsequently, GSM is broken to SU(3)c×U(1)em at the electroweak scaleMW (SU(3)c and
U(1)em are, respectively, the gauge groups of strong and electromagnetic interactions).
Initially, SU(5) was unbroken and the universe was filled with a hot soup of massless particles
including photons, quarks, leptons, gluons, weak gauge bosons W±, Z0, GUT gauge bosons X ,
Y , and several Higgs bosons. At t ∼ 10−37 sec (T ∼ 1016 GeV), SU(5) broke down to GSM and
the X , Y bosons and some Higgs bosons acquired masses ∼MG. Their out-of-equilibrium decay
could, in principle, generate [17, 30] the observed baryon asymmetry of the universe, i.e. an excess
of baryons over antibaryons. Important ingredients are the violation of baryon number, which is
inherent in GUTs, and C and CP violation. This is the second (potential) success of the SBBmodel.
Moreover, at the GUT phase transition, topologically stable extended objects [31] such as mag-
netic monopoles [7], cosmic strings [32], or domain walls [33] can also be generated. Monopoles,
which exist in most GUTs, can lead into problems [8] which are, however, avoided by inflation
[10, 11] (see below). This is a period of exponentially fast expansion of the universe which can
occur during the GUT phase transition and can totally remove the monopoles from the scene. Alter-
natively, a more moderate inflation such as thermal inflation [34], associated with a phase transition
occurring at a temperature of the order of the electroweak scale, can dilute them to an acceptable,
but possibly measurable level. Cosmic strings from GUTs [35], on the other hand, can generate
gravity waves [36], which will be possibly measurable [24, 37, 38] by future experiments. Finally,
domain walls are [33] catastrophic and GUTs should be constructed so that they avoid them (see
e.g. Ref. [39]) or inflation should extinguish them. Note that, in some cases, more complex ex-
tended objects such as walls bounded by strings [40] or strings connecting monopoles [41] can be
temporarily produced.
At t ∼ 10−10 sec (T ∼ 100 GeV), the electroweak phase transition takes place and GSM breaks
to SU(3)c×U(1)em. The electroweak Higgs field as well as the weak gauge bosonsW±, Z0 acquire
masses ∼MW. Subsequently, at t ∼ 10−4 sec (T ∼ 1 GeV), color is confined and the quarks come
together to form hadrons. The direct involvement of particle physics ends here. We will, however,
sketch some of the subsequent cosmological events since they provide crucial information on the
early universe, where their origin lies.
At t ≃ 180 sec (T ≃ 1 MeV), nucleosynthesis takes place, i.e. protons and neutrons form
nuclei. The abundance of light elements (D, 3He, 4He, 6Li, and 7Li) depends (see e.g. Ref. [42])
crucially on the number of light particles (with mass . 1 MeV), i.e. the number Nν of light neu-
trinos and the baryon abundance ΩBh
2 (ΩB = ρB/ρc with ρB being the baryon energy density).
Agreement with observations [43] can be achieved for Nν = 3 and ΩBh
2 ≃ 0.02. This is the third
success of SBB cosmology. Much later, at the so-called equidensity time teq ≃ 4.7× 104 years,
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matter dominates over radiation. At t ≃ 200,000 h−1 years (T ≃ 3,000 K), the decoupling of mat-
ter and radiation and the recombination of atoms occur. After this, radiation evolves independently
and is detected today as CMBR with temperature T0 ≃ 2.73 K. The existence of the CMBR is the
fourth success of SBB. Finally, structure formation [9] starts at t ≃ 2×108 years.
4. Shortcomings of SBB cosmology
The SBB model has been very successful in explaining, among other things, the Hubble ex-
pansion of the universe, the existence of the CMBR, and the abundance of the light elements
formed during nucleosynthesis. Moreover, combined with GUTs provides the basis for generating
the baryon asymmetry of the universe, i.e. the slight excess of baryons over antibaryons, so that
after baryon-antibaryon annihilation there are leftover baryons out of which the visible part of the
universe is made. Despite its successes, this model had a number of very puzzling shortcomings
which we will now summarize:
1. The horizon problem: The CMBR was emitted at the decoupling of matter and radiation
when Td ≃ 3,000 K. The decoupling time td is estimated from
T0
Td
=
a(td)
a(t0)
=
(
td
t0
) 2
3
≃ 2.73 K
3,000 K
(4.1)
and turns out to be td ≃ 200,000 h−1 years. The distance over which the CMBR has traveled
since its emission is
a(t0)
∫ t0
td
dt ′
a(t ′)
= 3t0
[
1−
(
td
t0
) 2
3
]
≃ 3t0 ≃ 6,000 h−1 Mpc, (4.2)
which practically coincides with dH(t0). A sphere of radius dH(t0) around us is called the last
scattering surface since the CMBR has been emitted from it. The particle horizon at decou-
pling 3td ≃ 0.168 h−1 Mpc, expanded until now to become 0.168 h−1(a(t0)/a(td)) Mpc ≃
184 h−1 Mpc. The angle subtended by this decoupling horizon now is ϑd ≃ 184/6,000 ≃
0.03 rads. Thus, the sky splits into 4pi/(0.03)2 ≃ 14,000 patches which never communi-
cated causally before emitting the CMBR. The puzzle then is how can the temperature of
the black body radiation from these patches be so finely tuned as the measurements of the
Planck satellite [6] require.
2. Flatness Problem: The present energy density of the universe has been observed [6] to be
very close to its critical value corresponding to a flat universe (Ω0 = 1± 0.001). From
Eq. (2.5), we obtain (ρ−ρc)/ρc = 3(8piGρc)−1(k/a2) ∝ a for a matter dominated universe.
Thus, in the early universe, |(ρ − ρc)/ρc| ≪ 1 and the question is why the initial energy
density of the universe was so finely tuned to its critical value.
3. Magnetic Monopole Problem: This problem arises only if we combine SBB with GUTs
[3] which predict the existence of magnetic monopoles [7]. These monopoles are produced
during the GUT phase transition, where the Higgs field φ responsible for the breaking of the
6
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GUT gauge symmetry G acquires its VEV. They are localized deviations from the vacuum
with radius ∼ M−1G and mass mM ∼ MG/αG (αG = g2G/4pi , where gG is the GUT gauge
coupling constant). The value of φ on a sphere S2 of radius ≫ M−1G around the monopole
lies in the vacuum manifold G/GSM and we, thus, obtain a mapping: S
2 → G/GSM. If
this mapping is homotopically non-trivial, the monopole is topologically stable. The initial
relative monopole number density must satisfy the causality bound [44] rM,in ≡ (nM/T 3)in &
10−10 (nM is the monopole number density), which comes from the requirement that, at
monopole production, φ cannot be correlated at distances bigger than the particle horizon.
The subsequent evolution of monopoles is studied in Ref. [8]. The result is that, if rM,in &
10−9 (. 10−9), the final relative monopole number density rM,fin ∼ 10−9 (∼ rM,in). This
combined with the causality bound yields rM,fin & 10
−10. However, the requirement that
monopoles do not dominate the energy density of the universe at nucleosynthesis gives
rM(T ≃ 1 MeV). 10−19 (4.3)
and we obtain a clear discrepancy of about nine orders of magnitude.
4. Density Perturbations: For structure formation [9] in the universe, we need a primordial
density perturbation δρ/ρ at all length scales with a nearly flat spectrum [45]. We also
need an explanation of the temperature fluctuations of the CMBR measured by the Planck
satellite [6] at angles ϑ & ϑd ≃ 2o, which violate causality. The SBB model cannot provide
the required perturbations.
5. Inflation
All these four puzzles are solved by inflation [10, 11], which is a period of exponential expan-
sion in the early universe. Consider a real scalar field φ (the inflaton) with a (symmetric) potential
V (φ) which is quite flat near φ = 0 and has minima at φ =±〈φ〉 with V (±〈φ〉) = 0. At high T ’s,
the potential acquires temperature corrections, which make φ = 0 the absolute minimum. As the
temperature drops, the effective potential tends to the zero-temperature potential, but a small bar-
rier separating the local minimum at φ = 0 and the vacua at φ = ±〈φ〉 remains. At some point, φ
tunnels out to φ1≪〈φ〉 and a bubble with φ = φ1 is created in the universe. The field then rolls over
to the minimum ofV (φ) very slowly (due to the flatness of the potential V (φ)) with the energy den-
sity ρ ≃V (φ = 0)≡V0 remaining practically constant for quite some time. The energy-momentum
tensor during the slow roll-over of the inflaton becomes T νµ ≃−V0 δ νµ yielding ρ ≃−p≃V0. So,
the pressure is practically opposite to the energy density, which remains almost constant in accord
with Eq. (2.4). The scale factor a(t) grows (see below) and the curvature term k/a2 in Eq. (2.5)
diminishes. We thus obtain H2 ≃ 8piGV0/3 = constant, which gives a(t) ∝ eHt . Therefore, the
bubble expands exponentially for some time and a(t) grows by a factor
a(tf)
a(ti)
= expH(tf− ti)≡ expHτ (5.1)
between an initial (ti) and a final (tf) time.
It is almost obvious that, with an adequate number of e-foldings N ≡ Hτ , inflation automati-
cally resolves the first three puzzles of SBB:
7
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1. Resolution of the Horizon Problem: The particle horizon during inflation
dH(t) = e
Ht
∫ t
ti
dt ′
eHt
′ ≃ H−1expH(t− ti), (5.2)
for t − ti ≫ H−1, grows as fast as a(t). At tf where inflation ends, dH(tf) ≃ H−1expHτ
and φ starts oscillating about the vacuum. It then decays and reheats [12] the universe at a
temperature Tr ∼ 109 GeV [14] after which normal big bang cosmology is recovered. The
particle horizon at the end of inflation dH(tf) is stretched during the φ -oscillations by a factor
∼ 109 and between Tr and the present time by a factor Tr/T0. So, it finally becomes equal
to H−1eHτ109(Tr/T0), which must exceed 2H−10 if the horizon problem is to be solved. This
readily holds for V0 ∼M4G,MG ∼ 1016 GeV, and N & 55.
2. Resolution of the Flatness Problem: The curvature term of the Friedmann equation, at
present, is (
k
a2
)
0
≃
(
k
a2
)
bi
e−2Hτ 10−18
(
10−13 GeV
109 GeV
)2
, (5.3)
where the factors in the RHS are the curvature term before inflation and its growth factors
during inflation, φ -oscillations, and after reheating. Assuming (k/a2)bi ∼ H2, we obtain
Ω0−1 = k/a20H20 ∼ 1048 e−2Hτ ≪ 1 for Hτ ≫ 55. Strong inflation implies that the present
universe is flat with a great accuracy.
3. Resolution of the Monopole Problem: For N & 55, the magnetic monopoles are diluted by
at least 70 orders of magnitude and become irrelevant. Also, since Tr ≪ mM, there is no
magnetic monopole production after reheating. For models leading to a possibly measurable
magnetic monopole density, see e.g. Refs. [25, 34, 38, 46].
4. Generation of density perturbations: Inflation transforms the quantum fluctuations of the
almost massless inflaton field into classical metric perturbations, which in turn generate tiny
primordial density perturbations δρ/ρ ≃ 5.6× 10−5. These perturbations grow in the late
universe to become non-linear and lead to the formation of structure (galaxies, filaments,
and great voids) via gravitational collapse of matter. They also generate the temperature
fluctuation δT/T ≃ 6× 10−6 in the CMBR measured by the COBE, WMAP, and Planck
satellites. The predictions of inflation can fully agree with all experimental findings.
6. Details of Inflation
The Hubble parameter during inflation is slowly varying with the value of φ :
H2(φ) =
8piG
3
V (φ). (6.1)
The evolution equation for φ is
φ¨ +3H φ˙ +Γφ φ˙ +V
′(φ) = 0, (6.2)
where the dot and prime denote derivation with respect to the cosmic time and φ , respectively, and
Γφ is the decay width [47] of the inflaton to light particles, which is assumed to be weak (Γφ ≪H)
8
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[48]. Inflation is by definition the situation where the friction term 3H φ˙ dominates and Eq. (6.2)
reduces to the inflationary equation [49]
3H φ˙ =−V ′(φ). (6.3)
The conditions for this equation to hold (slow roll conditions) are:
ε , |η | ≤ 1 with ε ≡ 1
2
m2P
(
V ′(φ)
V (φ)
)2
, η ≡ m2P
V ′′(φ)
V (φ)
. (6.4)
The end of the slow roll-over occurs when either of these inequalities is saturated. If φf is the value
of φ at the end of inflation, then tf ∼ H−1(φf).
The number of e-foldings during inflation from ti ( or φi) to tf ( or φf) is
N(φi→ φf)≡ ln
(
a(tf)
a(ti)
)
=
∫ tf
ti
Hdt =
∫ φf
φi
H(φ)
φ˙
dφ =−
∫ φf
φi
3H2(φ)dφ
V ′(φ)
, (6.5)
where Eqs. (5.1) and (6.3) were used.
After the end of inflation at tf, φ starts performing coherent damped oscillations about the
global minimum of the potential. The rate of energy density loss, due to the expansion of the
universe, is given by
ρ˙ =−3H φ˙2 =−3H(ρ + p) =−3Hγρ , (6.6)
where ρ = φ˙2/2+V (φ), p= φ˙2/2−V (φ), and we averaged p over one oscillation of φ . From this
equation and Eq. (2.5), we obtain
ρ ∝ a−3γ , a(t) ∝ t
2
3γ . (6.7)
The parameter γ depends on the shape of the potential V (φ). For a quadratic (quartic) potential,
γ = 1 (γ = 4/3) and the expansion is similar to that of a matter (radiation) dominated universe.
In order to discuss the subsequent decay of the inflaton, we must use its full evolution equation
in Eq. (6.2), which also includes the decay term Γφ φ˙ . This is approximately solved [12, 50] by
ρ(t) = ρf
(
t
tf
)−2
e−Γφ t , (6.8)
where ρf is the energy density at tf and, for definiteness, we considered that the potential is
quadratic. The second and third factors in the RHS of this equation represent the dilution of the
field energy due to the expansion of the universe and the decay of φ to light particles respectively.
All pre-existing radiation (known as old radiation) was diluted by inflation, so the only radia-
tion present is the one produced by the decay of φ and is known as new radiation. Its energy density
ρr satisfies [12, 50] the equation
ρ˙r =−4Hρr+ γΓφ ρ , (6.9)
where the first term in the RHS represents the dilution of radiation due to the cosmological expan-
sion while the second one is the energy density transfer from φ to radiation. This yields
ρr =
3
5
ρ Γφ t
[
1+
3
8
Γφ t+
9
88
(Γφ t)
2+ · · ·
]
(6.10)
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with ρ = ρf(t/tf)
−2exp(−Γφ t) being the energy density of the field φ . Initially, ρr ≪ ρ , but, at
td = Γ
−1
φ , ρr dominates and the universe becomes radiation dominated. The temperature at td is
Tr =
(
45
2pi2g∗
) 1
4
(ΓφmP)
1
2 (6.11)
and is historically called reheat temperature although there is neither supercooling nor reheating.
As already mentioned, inflation not only homogenizes the universe but also generates the den-
sity perturbations needed for structure formation. An important notion for understanding the under-
lying mechanism is event horizon. It includes all points with which we will eventually communi-
cate sending signals at t. In contrast to the case of matter or radiation dominance, the instantaneous
radius of the event horizon during inflation is finite:
de(t) = a(t)
∫ ∞
t
dt ′
a(t ′)
= H−1 < ∞. (6.12)
Points in our event horizon at t are eventually pulled out by the exponential expansion. We say
that these points (and the corresponding scales) crossed outside the event horizon. Actually, the
situation is like in a black hole turned inside out. Then, exactly as in a black hole, there are quantum
fluctuations of the thermal type governed by the Hawking temperature [51] TH =H/2pi . It turns out
[52] that the quantum fluctuations of the inflaton are δφ = TH leading to density perturbations δρ =
V ′(φ)δφ . As the scale ℓ of these perturbations crosses outside the event horizon, they become [53]
classical. When ℓ (or k = 2pi/ℓ) re-enters the post-inflationary horizon, we obtain the perturbation
[54] (for a review, see e.g. Ref. [55])(
δρ
ρ
)
ℓ
=
1
5
√
3pi
V
3
2 (φℓ)
m3PV
′(φℓ)
, (6.13)
where φℓ is the value of φ when ℓ crosses outside the horizon. From the results of COBE [4],
(δρ/ρ)≃ 2×10−5 at the pivot scale k= 0.002 Mpc−1. The spectrum of the perturbations δρ/ρ ∝
ℓαs is characterized by the scalar spectral index ns = 1−2αs = 1+2η−6ε . The Harrison-Zeldovich
flat spectrum [45] corresponds to ns = 1, while the experimental value is ns = 0.968±0.006 [6].
The density fluctuations on the last scattering surface produce temperature fluctuations in the
CMBR. The dominant mechanism is the scalar Sachs-Wolfe [56] effect: regions with a deep grav-
itational potential will cause the photons to lose energy as they climb up the potential well and,
thus, appear cooler. The scalar quadrupole anisotropy is(
δT
T
)
S
=
1
12
√
5pi
V
3
2 (φℓ)
m3PV
′(φℓ)
. (6.14)
There are also tensor fluctuations [57] in the temperature of the CMBR with the tensor quadrupole
anisotropy given by (
δT
T
)
T
≃ 0.15 V
1
2 (φℓ)
m2P
. (6.15)
The tensor-to-scalar ratio
r =
(δT/T )2T
(δT/T )2S
(6.16)
is experimentally bound to be . 0.06 [6].
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7. Baryogenesis
A successful inflationary scenario has to be followed by a successful reheating process [12].
Note that, in the case of supersymmetric theories, the reheat temperature Tr . 10
9 GeV since other-
wise the gravitino relic density is unacceptably large [14]. Also the observed [6] baryon asymmetry
nB/s ≃ 8.66× 10−11 [6] should be generated after inflation (nB and s are the baryon number and
entropy densities). The most promising way to generate the baryon asymmetry after inflation is
via non-thermal [15, 58] leptogenesis [16] (for a review, see Ref. [59]). In accordance with this
scenario, the inflaton decays into a pair of right handed neutrinos (νc). The subsequent out-of-
equilibrium decay of these νc’s into (anti)leptons and electroweak Higgs fields can generate a
primordial lepton asymmetry provided there is CP-violation. This asymmetry, at the electroweak
transition, is partly turned [17] into baryon asymmetry by sphaleron [18] effects.
In order to understand the sphaleron mechanism, let us recall that the vacua of the SU(2)L
gauge theory are characterized [60] by a winding number n ∈ Z. In the presence of the VEV of
the electroweak doublet which breaks SU(2)L, the minimal height of the potential barrier between
the vacua with winding numbers n and n+1 corresponds to a static solution [61] called sphaleron,
which is actually a saddle point of the potential. The mass of the sphaleron is about 10−15 TeV.
At T = 0, the tunneling between the vacua |n〉 and |n+1〉 is utterly suppressed. However, between
T ∼ 200 GeV and the critical temperature Tc of the electroweak phase transition, this tunneling is
very frequent and in equilibrium with the universe [17, 18]. Baryon (B) and Lepton (L) number
anomalies imply [62] that the tunneling from |n〉 to |n+ 1〉 is accompanied by a change ∆B =
∆L = −3. Note that B−L is not violated and the primordial asymmetry in −L can be considered
as primordial B−L asymmetry, which remains constant at subsequent times. At the electroweak
phase transition this asymmetry is partly converted into B asymmetry. The resulting nB/s can be
calculated [63] by setting equal to zero the algebraic sum of the chemical potentials (µ) of all the
particles involved in each of the reactions which are in thermal equilibrium. Solving the system of
the resulting equations, we find the fraction of the primordial B−L asymmetry which turns into B
asymmetry.
8. Dark Energy
Inflation implies that the present universe is exactly flat (Ω = ρ/ρc = 1) and thus will keep
expanding for ever. This is also confirmed by the recent measurements [6], which also reveal that
matter is only 27% of the universe. The question then arises what is the rest 73% of the universe
made of. The answer to this question was first given in 1997-8 by the observations on Supernovae
Ia [64], which are seen today as they were in a previous cosmic time. The unexpected result of
these observations was that the expansion of the universe in previous times was slower than it is
today, i.e. the expansion of the universe is accelerating. This can be explained if more than 2/3 of
the energy in the universe is in the form of cosmological constant, i.e. it is practically not diluted by
the expansion exactly as the energy driving inflation (because of the existence of negative pressure
close in magnitude to the energy density). One can then wonder whether we are about to enter a
new inflationary phase. The idea of quintessence [65] (for a review, see Ref. [66]) though tells us
that this may not be the case. The WMAP and Planck satellites [5, 6] confirm that the 73% of the
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energy density in the universe is in the form of dark energy, i.e. a form close to a cosmological
constant.
9. Dark Matter
Studies of nucleosynthesis [1] combined with the results of the Planck satellite [6] imply
that the baryonic (visible) matter constitutes only 4.85% of the energy density in the universe.
Therefore, if one subtracts baryonic matter from the total matter content of the universe, which is
about 27%, concludes that about 22% of the universe consists of dark matter. The question then
arises what is the nature of dark matter. Dark matter is usually considered to be cold, i.e. consisting
of non-relativistic massive particles which interact very weakly (mainly gravitationally) with all
other particles. However, very light weakly interacting particles such as axions can also contribute
to dark matter since they are non-relativistic for different reasons. Also warm or hot dark matter
has been considered.
What could the dark matter particle be? There are several proposal, but I will mention only
the most important ones.
1. Lightest supersymmetric particle (LSP): This particle is the most promising candidate for
dark matter [19] since it is protected by a discrete Z2 R-parity symmetry from decaying into
lighter particles. The LSPs can annihilate in pairs or coannihilate with the next-to-LSPs.
There are many detailed calculations of the relic density of the LSPs (see e.g. Refs. [67, 68])
which show that, under certain circumstances, they can account for the dark matter.
2. Axion: This light boson is connected with the Peccei-Quinn solution [22] of the strong CP
problem and can contribute [69] to dark matter. However, one has to be careful since, if
combined with inflation, it may lead to unacceptably large isocurvature perturbations [70] in
the CMBR. This problem is avoided if the Peccei-Quinn symmetry breaking occurs after the
end of inflation [24] or if the value of the Peccei-Quinn field during inflation is kept large
[71].
3. Superheavy fermions: Intermediate scale dark matter particles coexisting with axions appear
in Refs. [24, 25], while superheavy dark matter particles (wimpzillas) have been studied in
Ref. [23].
The LSPs could be detected by their scattering off nuclei as in the XENON 1T experiment
[72], which has no positive results so far. The detection of axions is even harder. In supersymmetric
theories the gravitino [73], the superpartner of graviton, or the axino [74] can also contribute to the
composition of dark matter.
The most promising candidate for dark matter is the LSP. In supersymmetric theories, there
exist a discrete Z2 symmetry known as R-parity, which is necessary for preventing unacceptably
fast proton decay. Under R-parity, all the standard model particles are even, while all the supersym-
metric particles are odd. By virtue of R-parity, the LSP, which is normally the lightest neutralino,
is stable as it cannot decay to lighter particles and thus is a good candidate for dark matter. The
supersymmetric particles can annihilate into pairs to standard model particles. To find the LSP
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relic abundance, we need to consider also coannihilations of the LSP with the next-to-LSP, which
is usually the lightest stau. This is a very complicated calculation since very many processes are
involved but, fortunately, there are already publicly available codes for this calculation such as
microMEGAs [68]. The relic density of neutralinos usually comes out too large. However, the fol-
lowing main mechanisms can reduce the LSP relic abundance to the observed value of dark matter
abundance ΩDM h
2 ≃ 0.12 [6].
1. A-pole exchange: The LSP pair annihilation can be resonantly enhanced by an A-pole ex-
change in the s-channel [20] (A is the CP-odd Higgs boson in the minimal supersymmetric
standard model).
2. Coannihilation: Coannihilation [21] of the LSP with the next-to-LSP, which is usually the
lightest stau eigenstate, can reduce drastically the relic LSP density. This, however, requires
a small mass splitting between the LSP and the next-to-LSP.
10. Quantum Gravity
So far, we considered gravity at the classical (non-quantum) level and separately from the other
three interactions, which are described by relativistic quantum field theory and possibly unified in
a GUT. The questions then arise:
(a) Can gravity be quantized as the other three interactions?
(b) Can it be unified with the other three interactions to yield the theory of everything?
Quantum gravity phenomena are expected to appear at very high energies of the order of the Planck
mass mP ≃ 2.44× 1018 GeV, or at small distances of the order of the Planck length ℓP ≡ m−1P ∼
10−33 cm, or at small times of the order of tP ∼ 10−43 sec. Therefore, quantum fluctuations of
gravity are expected to be important
(i) very near the big bang, i.e. for cosmic times t . tP, and
(ii) for the possible generation of primordial gravity waves, which could originate from the quan-
tum fluctuations of gravity during cosmological inflation. These waves may be detected in
the future by the space based observatory LISA.
In trying to construct a quantum field theory for gravity, we encounter problems with renor-
malizability. In order to understand the meaning of renormalizability, let us consider classical
electrodynamics, as an example. Relativity implies that every elementary particle must be point-
like. Consequently, the energy of the electric field E¯ around such a particle with charge e (e.g. the
electron) is proportional to ∫ ∞
0
E¯24pir2dr = 4pie2
∫ ∞
0
dr
r2
. (10.1)
This integral diverges at r = 0 and thus the energy is infinite. We must then assume that the bare
mass of the particle is −∞, so that the final mass is ∞−∞ and turns out to be finite.
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This situation appears also in quantum electrodynamics, where we encounter several mean-
ingless infinities while performing various calculations. However, all these infinities can be sys-
tematically gathered and put inside two parameters: the mass and charge of the electron. We then
take the bare values of these parameters to be infinite, so that their final renormalized values are
finite and equal to their experimental values. This complicated mathematical procedure is called
renormalization and the theories where it applies are called renormalizable. The three interactions
(except gravity) are renormalizable as shown by ’t Hooft and Veltman (for a review, see Ref. [75]).
Therefore, with a finite number of experiments, we can determine the values of a finite number of
parameters and then everything else can be predicted. So, the theory has a high predictability. The
problem with quantum gravity is that, as it turns out, it is not renormalizable.
11. String Theory
The theory of (super)strings [26] was proposed in order to cure the non-renormalizabity of
gravity and also unify it with the other three interactions, so as to achieve the construction of the
theory of everything. The idea is that the fundamental objects are not point-like particles, but one
dimensional strings. Adding supersymmetry to the scheme one obtains superstrings. We have
strings of size ℓP ∼ 10−33 cm which vibrate, but for the present energies look like point particles.
The various vibrational modes of these strings appear as particles with different quantum numbers
and we obtain a unified description of all particles and all their interactions. The abandonment
of point particles removes the notorious infinities. It is actually believed that string theory gives
renormalizable or even completely finite unification of all four interactions (see e.g. Ref. [76]).
One of the vibrational modes is the graviton, which is the carrier of gravitational interactions.
Therefore, we can, in principle, describe quantum gravity and the other three interactions in a
unified way, which would be the theory of everything.
However, there are some important shortcomings of string theory.
(i) Initially, people thought that there is a unique solution of string theory, which would make
it of very high predictability. However, we now know that there exists a huge number of
solutions (∼ 10500). The string vacua comprise a collective landscape [77] with a huge
number of hills, valleys, etc and, therefore, a huge number of minima (solutions). One can
then employ the so called anthropic principle, which states that the minimum (solution)
corresponding to our universe had the right conditions so as to produce us eventually. In my
opinion, this is not an acceptable scientific way of thinking.
(ii) Although there exist very many solutions with a variety of discrete symmetries (see e.g.
Ref. [78]), none of them reproduces exactly our universe.
An important prediction of string theory is that there exist ten spacetime dimensions [26] (or
eleven in the case of M theory [79]). Six of them are compactified, i.e. they are strongly curved
to form a 6-dimensional compact manifold of size ℓP ∼ 10−33 cm. The other four dimensions
remain open and correspond to the usual spacetime dimensions. The geometric structure of the
compactified dimensions determines many of the phenomena encountered in the 4-dimensional
spacetime.
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As already mentioned strings allow us to discuss quantum gravity and thus give us the pos-
sibility to approach the big bang, i.e. the initial singularity at t = 0. Therefore, we can consider
cosmic times t . tP ∼ 10−43 sec or even negative times before the big bang. One problem we can
address, in the light of string theory, is the problem of initial conditions [27] for inflation.
Conventional inflation takes place at the GUT phase transition at cosmic time t ∼ 10−37 sec≫
tP, where we need, as initial condition for inflation to start, a large region of size few times H
−1
within which the fields are homogenized taking appropriate values [80]. However, this region
consists of many regions of smaller size ℓ, which resulted from the expansion of regions of size
ℓP at the Planck time, where causal communication could not exceed the distance ℓP. Therefore,
a region of size H−1 at the onset of inflation cannot be homogenized. This is again a problem
of initial conditions. Its resolution requires a first stage of inflation near or before the big bang
to provide the necessary homogenization for the onset of conventional inflation. One possible
solution could be the pre-big-bang scenario [81]. Imagine that we travel backwards in time and
pass through the initial singularity at t = 0 , which is though smoothed by strings, and enter the
realm of negative times (before the big bang). There, during the motion of the universe towards
the initial singularity, we have conditions of very high curvature and the extra dimensions contract
and compactify. This causes inflation (accelerated expansion) in the four open dimensions. This
can be a first stage of inflation providing the initial conditions for the conventional inflation or can
be the main inflation producing the density perturbations too. We should be though very careful
with these stringy considerations since the physics of strings is not fully understood or solved yet.
Note that the problem of initial conditions for inflation can be solved by a conventional two stage
inflation [82] too.
Another application of quantum gravity could be the explanation of the origin of primordial
gravity waves if such waves are detected. The BICEP2 experiment [83] observed the polariza-
tion vector pattern of the CMBR, which can be split into an E¯-mode resembling an electrostatic
field with sources and sinks and a B¯-mode resembling a magnetostatic field with vortices. Sub-
tracting the B¯-mode from polarized dust from the observed B¯-mode in CMBR, they found that
there is a remaining B¯-mode, which could be due to primordial gravity waves from inflation. The
subsequent Planck satellite measurements [6], however, did not confirm this conclusion, which as
it turned out underestimated the foreground from polarized dust. However, possible existence of
primordial gravity waves, which may be measurable in the foreseeable future, cannot be excluded
since the Planck measurements [6] put only a moderate upper bound on the tensor-to-scalar ratio
r . 0.06. These waves could originate from tensor (gravitational) quantum fluctuations during in-
flation which become classical fluctuation (i.e. gravity waves) as they exit the inflationary horizon.
Therefore, quantum gravity may be required to understand the origin of these waves.
12. Conclusions
We presented the SBB cosmological model together with its successes and shortcomings,
which are resolved by inflation, i.e. a period of exponential expansion in the early stages of the
universe evolution. This may have happened during the GUT phase transition at which the relevant
Higgs field was displaced from its vacuum value. This field (inflaton) could then, for some time,
roll slowly towards the vacuum providing an almost constant false vacuum energy density driving
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the exponential expansion. Inflation provides the density perturbations required for the generation
of the large scale structure in the universe and the temperature fluctuations in the CMBR. After the
end of inflation, the inflaton performs damped oscillations about the vacuum, decays, and reheats
the universe.
We described how the observed baryon asymmetry of the universe is generated, in inflationary
models, via non-thermal leptogenesis. The inflaton normally decays into right handed neutrinos,
whose subsequent out-of-equilibrium decay into leptons (antileptons) and electroweak Higgs fields
produces a primordial lepton asymmetry. This asymmetry is then partly converted into baryon
asymmetry by the electroweak sphaleron effects. Recent measurements revealed that the present
universe is flat with matter constituting only 27% of its energy density. The rest 73% of the universe
is in the form of dark energy. On the other hand, the baryonic (visible) matter constitutes only
4.85% of the universe. The rest 22% is made of dark matter. The most promising candidate for
dark matter is the LSP since it is protected by a discrete Z2 R-parity symmetry from decaying.
These particles can annihilate in pairs or coannihilate with the next-to-LSPs and their relic density
can be reduced to the observed value of dark matter abundance mainly by resonant pair annihilation
or coannihilation if they are almost degenerate with the next-to-LSPs. Other possible dark matter
candidates include the axion and superheavy or intermediate scale fermions.
We sketched briefly the renormalization problem encountered in trying to quantize gravity
and its possible resolution by string theory, whose aim is not only to construct a viable theory for
quantum gravity but also to unify it with the other three interactions. The main disadvantage of
string theory is that it admits a huge number of solutions, but none of them seems to reproduce
exactly our universe. It predicts that there exist ten spacetime dimensions (or eleven in the case
of M theory). Six of them are compactified, while the other four remain open and are the usual
spacetime dimensions. The geometric structure of the compactified dimensions determines many
of the phenomena in the 4-dimensional spacetime.
String theory allows us to discuss physics very near or even before the big bang, where the
quantum fluctuations of gravity are present. Therefore, it can help in resolving the problem of initial
conditions for inflation. In order to have inflation started, one needs a large homogeneous region
around the time of the GUT phase transition. However, this region consists of many smaller regions
which originate from homogenized regions around the Planck era, where the causal communication
could not extend to distances larger than the Planck length. Therefore, a first stage of inflation
near or before the big bang which provides the required homogenization at the onset of inflation is
needed. Such a primordial inflation can take place in the pre-big-bang period. During the motion of
the universe towards the initial singularity, we have conditions of very high curvature and the extra
dimensions contract and compactify. This causes inflation in the four open dimensions. Another
application of quantum gravity could be the explanation of the origin of primordial gravity waves
from inflation if such waves are detected in the future, which is not excluded by the recent data.
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